An instrumented minivan on a 30-mile (48 km) test route was used to measure second-by-second vehicle operating characteristics as well as tailpipe particulate and gas emissions. Our research objectives are: 1) to quantify the variability of gas and particulate emissions between 12 drivers; and 2) to measure the relative emission level on freeways, signalized arterials, rural two-lane arterials and local roads. The results reaffirm that individual drivers significantly affect emissions levels. All emissions concentrations were also systematically related to road type.
INTRODUCTION
The adverse health effects of vehicle pollutants and the fact that laboratory tests do not fully represent real-world driving have motivated recent field studies to quantify vehicle tailpipe emissions during actual on-road operation (1, 2) . In order to better understand the relationships between vehicle operating conditions and exhaust emission levels in terms of both driver behavior and road type, our research objectives are: 1) to quantify the variability of gas and particulate emissions between individual drivers; and 2) to measure the relative emissions levels on freeways, signalized arterials, rural two-lane arterials and local roads. This 20-driver study, which uses a single vehicle on one route, is unique because vehicle operating parameters along with particulate and gas-phase tailpipe emissions were measured simultaneously using on-board techniques. Use of a single vehicle limits our ability to extrapolate the absolute results to the whole fleet, but alleviates inter-vehicle variability allowing focus on relative differences between drivers and road type.
On-road emissions measurement techniques include tunnel studies (3-5), roadside remote sensing (6-8), and mobile emissions laboratories in heavy-duty vehicles (9,10). On-board emissions testing is advantageous because it: 1) avoids the unrealistic limited range in both dynamometer tests and remote sensing (11-13); and 2) allows high time resolution for capturing real-world transient events (13, 14) . On-board measurements of tailpipe gas emissions during actual on-road driving have been quantified as a function of "driver behavior" (15-18) including variations in vehicle operation that may result in different combinations of driving mode, such as cruise, acceleration and deceleration (15). The on-board measurement techniques still need improvement, to characterize driver behavior and emissions by road type (19) and to adequately quantify emissions, especially for particulate matter (20) .
Few on-board emission studies were conducted until recently due to: 1) the size and cost of onboard emissions instrumentation (21, 22) ; and 2) the lack of the engine diagnosis system for recording high time-resolution vehicle operating data. However, portable instruments have become commercially available in recent years (23) . Realizing the importance of the actual driving mode on vehicle emissions rather than average vehicle speed, the EPA has proposed development of a more time-resolved vehicle emissions model, "Motor Vehicle Emissions
Simulator" (MOVES), based on instantaneous on-board emissions data (24) . Implementation of such a model will require a real-world emissions database that reflects current driving conditions and accurate modal emissions modeling tools.
Early on-board studies collected only vehicle operating data and compared driving parameters, such as speed and acceleration between drivers (for example (25) ). The subsequent addition of on-board portable gas analyzers allowed the relationship between vehicle emissions and driving patterns to be measured and attributed variations to driver aggressiveness (26) . One driver variability study used on-board emission tests on 24 randomly selected drivers in one vehicle and one specified route in California to show that gas-phase emissions variability between drivers was correlated with the intensity of vehicle operation within a given mode rather than the modal frequency (15). In contrast, on-board gas-phase emissions (NO, HC and CO) were also compared between two drivers over a primary arterial road in North Carolina with no statistically significant results (18) . Most on-board studies (those in this paragraph and indeed this paper) include relatively small sample sizes and therefore quantifying the impact of specific driving characteristics on emission levels is of great interest.
Recent on-board studies usually describe the relationships between emissions and the microscale speed-acceleration driving mode. For example, by binning the gaseous pollutant emission rate (mg/sec) into four simplified operating modes (idle, acceleration, deceleration and cruise) Frey et al. (13, 18) noted; (1) higher vehicle emission rates during acceleration, with the largest emission rate observed when the vehicle was accelerated from a stop at a single intersection on a primary arterial road; and (2) the lowest emission rate during idling. There is still a lack of comprehensive studies comparing emissions, especially particle emissions, from different drivers and road types despite general acceptance that differences in driving behavior will produce different emissions (15,27).
There is a gap in previous on-board emission studies because few have quantified second-bysecond particle emissions from light-duty vehicles. Studies have reported the adverse effects of particulate matter (PM) on public health (28, 29) , especially for ultrafine particles (diameter < 100 nm) and toxicity (28) . Both diesel and gasoline-powered motor vehicles are sources of ultrafine particles and while generally accepted that conventional diesel vehicles produce higher particle emissions than gasoline vehicles on a per-vehicle basis (31) , some argue that gasolinepowered vehicles may contribute more to the total roadway PM 2.5 concentration due to relatively higher total vehicle miles traveled (VMT) (5,32). In general, the relative contributions of particulate matter from different vehicles and their negative health impacts require more data and research.
Although few previous studies have compared vehicle emissions between different road types, researchers have pointed out the importance of spatial analysis of vehicle emissions (33-38).
Other variables found to affect emissions on signalized arterials are queue position, road grade, percent of heavy vehicles and posted speed limit (39-41). A "Smart Road" controlled facility study investigating light duty vehicle emissions at different vehicle acceleration levels corroborated high emission rates during acceleration and documented a history effect, but no statistical comparisons were made (42).
Existing research clearly demonstrates the need to move to more disaggregate data collection and analysis to understand the temporal and spatial patterns in vehicle emissions. Engine load and operation ultimately cause a given level of tailpipe emissions. However, second-by-second vehicle operating mode and the corresponding tailpipe emissions are challenging to collect and link together. Complications arise due to exhaust system and instrument travel times and time stamp differences between instrumentation. This study moves towards the goal of more disaggregate analysis by considering road type and differences between individual drivers in a mesoscale analysis. The correlation to road type, while not causal, could have merit as a potential means to improve link-based emissions models. Driver behavior, and its potential interaction with road type, is of interest because it ultimately influences engine operation.
METHODOLOGY
This section describes the driving routes, vehicle instrumentation, data pre-and post-processing techniques, including spatial analysis by GIS, and emissions calculations.
Test Route and Data Collection
Twenty drivers were recruited from the University of Connecticut via email. The drivers included undergraduates, graduate students, and faculty members with 1 to 24 years of driving 
Van Instrumentation
A 1999 Toyota Sienna minivan was instrumented to collect spatial location, vehicle speed and acceleration, percent engine load as well as simultaneous tailpipe emissions data ( Table 1) .
Spatial data were collected using two GPS receivers. The Garmin 16 HVS antenna (43) was used to synchronize all instruments to GPS time. A GeoStats GeoLogger (44) collected onesecond vehicle velocity and position. An AutoEnginuity ST01 ScanTool collected vehicle velocity and calculated engine load at two records each per second.
A 5-gas analyzer and a condensation particle counter (CPC) powered by on-board marine batteries sampled vehicle exhaust simultaneously from a tailpipe adapter outfitted to monitor exhaust flowrate and temperature. The Autologic 5-gas emissions analyzer ( Figure 2 ) was used to collect hydrocarbon (HC), nitrogen oxides (NOx), carbon monoxide (CO), carbon dioxide (CO 2 ) and oxygen (O 2 ) concentrations at a flow rate of 5 L/min. The accuracy of the 5-gas analyzer as reported by the manufacturer can be found in Table 2. A TSI, Inc. model 3025A ultrafine CPC (response time ≤ 1 sec) quantified total 3-3000nm particle concentrations after the exhaust was diluted with a Matter Engineering MD19-2E rotating disk (six 0.04 cm 3 cavities) mini-diluter. A 3-meter length of conductive silicone tubing transported the exhaust sample from the tailpipe adapter to the mini-diluter at 1.5 L/min flowrate.
BriskHeat heating tape (set to 120 o C) and tubing insulation were used to keep the exhaust above 100°C to avoid condensation in the tubing. An Omega model G, type-K thermocouple at the inlet of the mini-diluter monitored raw exhaust temperature prior to dilution with HEPA-filtered, heated (80°C) ambient air. The total particle number concentration was recorded with 1Hz time resolution by Aerosol Instrument Management (AIM) software version 5.2.0. A HEPA filter was connected to the inlet of the CPC to quantify the instrument noise level at both the start and end of each sampling day. All recorded CPC-HEPA data were less than one particle per cm 3 (more than 90% were less than 0.1 #/cm 3 ). Therefore, the noise level did not affect the results.
The dilution tunnel blank level (e.g. the particle number concentration measured inside the sampling line when the engine was off) was recorded by the CPC both before and after each single driver test.
A tailpipe adapter constructed by the research team contained four instruments: 1) a United Sensor Corporation pitot tube (model #pcc-4) to measure the exhaust flow rate by recording differential pressure (omega transducer model #PX277); 2) an Omega model E, type K thermocouple to measure tailpipe exhaust temperature; 3) a stainless steel Swagelok tee-fitting to transport the exhaust to both the particle-and gas-phase emissions instruments; and 4) an Omega model PX181 pressure transducer to measure total exhaust pressure. The temperature and pressure readings were recorded at 10 Hz using National Instruments Labview 7.0 software.
Data Tabulation
The raw data files were reduced to include only the one-second pollutant concentrations, exhaust temperature and flowrate for each driver. Data collected at less than one second were combined to one-second means. The pollutant data presented here were not corrected for the time lag between engine emission and instrument measurement. In determining road type using GIS spatial overlays, the transition area at the start and end of each road type ( Figure 1 ) was excluded from the analysis. This procedure was established due to lags in exhaust flowrate. Using
ArcGIS and data collected by the Geologger GPS receiver, the master file containing all instrument and driver data was overlaid with the road classification layer to assign a road type identifier to each of the one-second data points. Therefore, each point used in the analysis has been assigned the correct road type regardless of instrument lags, but the appropriate lag times to correctly map a given one-second engine operating parameter to the corresponding one-second tailpipe emissions are the subject of on-going research.
Emissions Calculations
Emissions data were recorded as pollutant concentration each second. While it is more relevant to compare drivers or road types using the mass (or number, for particles) emitted per mile or per second, the lags in instrument response preclude this calculation for all pollutants. The emission rates were only calculated here for NOx and particle number because these instruments had fast response times. The CO, CO 2 and HC emissions are reported only as concentrations because the instrument response time for the 5-gas NDIR sensor was up to 8 seconds. The NOx concentration was corrected by the density of NOx (Eq. 1) at the measured exhaust temperature to calculate the emission rate (g/sec, see Eq. 2). Similarly, the particle number concentration measured by the CPC was converted to a number of particles per second using Eq. 3. 
Database Summary
Data were collected from 20 drivers, each completing a single run of the test route. Table 3 shows the number of data records by instrument and road type. The shaded cells in Table 3 represent a driver where the data for that instrument was totally or significantly missing; these data were removed. Driver 5 ScanTool data were missing entirely due to the participant turning off the car at the beginning of the test drive. The 5-gas analyzer and the CPC data for certain drivers were removed from the dataset due to equipment problems. Time series plots of the CPC data for drivers 4 and 9 indicated equipment malfunctions in the last 3/4 of the driving route. Therefore, only the particle data collected on one section of the route was used for drivers 4 and 9.
RESULTS

Road Type Emissions Analysis
The results of classifying emissions by road type and pollutant are shown in Table 4 . Both the mean and the maximum CO 2 concentrations are similar by road type, but the standard deviation is higher for divided highway. While CO emissions have a similar pattern for variance, the mean and maximum CO concentrations for divided highway are much larger than the other road types.
Average hydrocarbon (HC) concentrations were also similar between road types, but the maximum hydrocarbon values varied by a factor of four between road types with the highest value on local roads and lowest on divided highway.
Both NOx emissions measures (concentration and corrected with exhaust flowrate as a rate per second, Table 4 ) showed divided highway having the largest mean and signalized arterial the lowest. The wide range between the minimum and maximum NOx held for both concentration and emission rate measures.
Both particle number concentration (#/cm 3 ) and emission rate (#/sec) showed an order of magnitude difference between roads and a large range between minimum and maximum onesecond observations also varied by road type. The relative order of particle emissions by road type was; divided highway the highest, followed by local roads, rural two-lane arterial and signalized urban arterial for both measurement units. 
Driver Emissions Analysis
The second analysis was conducted to investigate the influence of individual drivers on single vehicle emissions on these roads. Figures 3 and 4 show box plots of one-second gas and particle number concentrations and how they vary by driver for each road type. (Note that the outlying data points were removed from the plots (but not from analyses) so a reasonable y-scale could be used in these figures). Interestingly, the bottom of Table 5 reveals that similarities by road types for subsets of drivers are not the same for particle number emission rate as for NOx. There are two subsets of drivers with the same average particulate emission rates on all road types: drivers 3, 6, 11 and drivers 2 and 17. Although all 5 of these drivers have the same mean emission rates on rural arterials and divided highways the two subsets are different on local roads and urban signalized arterials.
Three drivers (8, 12, 13) have mean particulate emissions different from the majority of other drivers (including each other) on at least 3 of the 4 road types. A larger dataset is needed to clarify this complex characterization of driver types.
CONCLUSIONS
While this dataset contained a limited number of drivers and only one vehicle, it reaffirms previous research that individual drivers matter to emissions level. Our drivers could potentially be grouped or clustered into several groups by emissions level, but these groupings would differ by pollutant and by road type. Furthermore, an interaction effect between driver and road type was noted. These factors represent a challenge for characterizing the regional driver pool in the same way we define a vehicle fleet in regional emissions models. Significantly more data are needed to clarify driver groupings and the interaction with road type. Furthermore, it is necessary that we quantify the relative importance of driver type compared to the other known factors, such as average speed, vehicle age or vehicle type.
GIS spatial analysis facilitated the aggregate evaluation of emissions rates between four functional road types in this study. The average emissions for all gas pollutants and particle number varied systematically between road types. This finding with on-board data suggests the possibility of improving average speed-based emission rates to gain incremental improvement in current regional emissions models.
On-road tailpipe emissions data collection is feasible, even for particles, but complicated. Onboard data collected provides additional insight into the temporal and spatial variability of emissions. However, in order to expand this study beyond the aggregate road and driver-based approaches included here, significant efforts to account for vehicle operation and emissions instrument time lags is imperative. If accurate methods to account for lags to align data can be found, the 1-second time-resolved analysis would allow for a more detailed investigation of driver and vehicle operating characteristics and the resultant impact on tailpipe emissions. Tables  Table 1: Instruments and Variables Used in Analysis  Table 2 : 5-gas Analyzer Accuracy Specifications Table 3: Data Description  Table 4 : Emissions Rates by Road Type Table 5 
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